Co-occurring microorganisms have been proved to influence the performance of each other by metabolic means in nature. Here we generated a synthetic fungal-bacterial community comprising Penicillium citrinum and Pseudomonas aeruginosa employing the previously described membrane-separated co-culture device. By applying a newly designed molecular networking routine, new citrinin-related metabolites induced by the fungal-bacterial cross-talk were unveiled in trace amounts. A mechanically cycled co-culture setup with external pumping forces accelerating the chemically interspecies communication was then developed to boost the production of cross-talkinduced metabolites. Multivariate data analysis combined with molecular networking revealed the accumulation of a pair of co-culture-induced molecules whose productions were positively correlated to the exchange rate in the new co-cultures, facilitating the discovery of the previously undescribed antibiotic citrinolide with a novel skeleton. This highly oxidized citrinin adduct showed significantly enhanced antibiotic property against the partner strain P. aeruginosa than its precursor citrinin, suggesting a role in the microbial competition. Thus, we propose competitiveadvantage-oriented structural modification driven by microbial defence response mechanism in the interspecies cross-talk might be a promising approach in the search for novel antibiotics. Besides, this study highlights the utility of MS-based metabolomics as an effective tool in the direct biochemical analysis of the community metabolism.
Introduction
A multitude of secondary metabolites secreted by filamentous microorganisms have played an eminent role in drug discovery (Demain, 1999; Singh and Macdonald, 2010; Gerwick and Moore, 2012) . In particular, the widespread rise in antibiotic resistance found in pathogenic microorganisms that cause infectious diseases has reinforced the screening efforts using filamentous microorganisms. The particularly serious resistance problem in 'ESKAPE' pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) has been highlighted by the Infectious Diseases Society of America to call on researchers to engage in a vigorous '10 by 20' research effort which would lead to the development of 10 new clinically useful antibiotics to combat these and other pathogens by 2020 (Boucher et al., 2009) . However, according to the sequenced genomes, the potential of even the best-studied model organisms as producers of natural products had been grossly underestimated (Chiang et al., 2011) . Standard laboratory cultures have been proved to hinder activation of specific gene clusters which in turn hamper production of secondary metabolites with unique properties (Brakhage and Schroeckh, 2011) .
To access the untapped natural products resources, microbe-microbe interactions in diverse co-culture techniques have been utilized as powerful triggers to activate cryptic gene clusters' expression (Scherlach and Hertweck, 2009; Liang et al., 2017) . Chemical communication in synthetic microbial communities generated by employing our previously described co-culture setup exerted a pronounced influence on the metabolic profiles with a group of molecules being induced or up-regulated in co-cultures (Shi et al., 2017a) . Particularly, diphenyl ethers with polyhydroxy sidechains derived from defence reactions of Cladosporium sp. WUH1 against the interaction partner Bacillus subtilis were newly secreted in the chemically mediated interspecies cross-talk and showed antibacterial activities. This finding was consistent with other studies suggesting that microorganisms possessed the capacity to transform original secondary metabolites, which leads to a competitive advantage against the cooccurring partner (Amand et al., 2017) . Such defence strategies in microbes thus could serve as driving forces for the discovery of cryptic powerful antibiotics which are absent in the microbial monocultures.
Once microbial modification of original molecules which act as precursor metabolites is achieved in the synthetic microbial community, the next challenge is to develop methods that allow for the rapid detection and identification of new metabolites modified by microbial strains upon chemical interactions. A series of techniques and strategies have been developed to analyze the microbial metabolome, where mass spectrometry (MS) in combination with chromatographic separation (Hoffmann et al., 2014 ) is considered to be one of the most universal routines. Moreover, thousands of MS/MS spectra fragmented from a single MS experiment carry quantities of potentially useful information in minutes (Chen et al., 2009) . Obviously, manual analysis is limited for such large data sets and hinders the mining of MS/MS data. Molecular networking is a recently introduced concept for the analysis of MS fragmentation data and assessment of structural similarities between measured metabolites. Based on the underlying concept that structurally related molecules will fragment in similar ways to give analogous patterns, molecular networking enables the visualization of large data sets by grouping them into clusters (Wang et al., 2016; Crüsemann et al., 2016) .
Penicillium citrinum species is among the most common eukaryotic microorganisms. It produces citrinin and other structurally related derivatives with antimicrobial potentials which constitute one of the major molecular families in the metabolome (Warren et al., 1949; Malmstrøm et al., 2000) . Recently a pair of citrinin adducts, citrifelins A and B were found to be induced in a fungalfungal mixed co-culture composed of marine-derived Penicillium citrinum and Beauveria feline (Meng et al., 2015) . This research hinted at the potential of Penicillium citrinum to modify citrinin or other citrinin-related metabolites in the cross-talk with co-culturing microbial strains. Pseudomonas aeruginosa is a ubiquitous Gram-negative γ-proteobacterium that inhabits soil and aqueous environments. As one of the most important opportunistic human pathogens, it can cause serious and life-threatening infections in immunocompromised and cystic fibrosis patients (Thierbach et al., 2017) . In our bioactivity-guided prescreening, when the hydrothermal vent fungal strain P. citrinum Y34 (host strain) isolated from sulfur-rich sediments around Kuishantao hydrothermal vent off Taiwan were co-cultured with the type strain P. aeruginosa CMCC(B)10,104 (guest strain) in the previously described setup (Shi et al., 2017a) , significantly larger inhibition zones were noted against the partner P. aeruginosa CMCC(B)10,104 compared with the fungal monoculture, demonstrating the enhanced antibiotic properties induced by synthetic chemical interactions.
In this study, we aimed to discover the possible derivatives modified from citrinin by Penicillium citrinutm in the cross-talk with Pseudomonas aeruginosa as these molecules could be derived from similar defence response and thus potentially active against P. aeruginosa. A MS-based metabolomics survey was conducted to investigate the effect of membrane-separated chemical communication on the secondary metabolisms of a fungal-bacterial community comprising P. citrinum and P. aeruginosa. Molecular networking techniques were employed to systematically compare the metabolomes of both the co-cultures and fungal monocultures to gain insight into the distribution of bio-modified and unchanged citrinin-related metabolites in the fungal-bacterial crosstalk. Analysis of the generated molecular map revealed new citrinin-related metabolites secreted by Penicillium citrinum while the production of these molecules was limited for further structural elucidation in the stationary co-cultures. Hence, a new co-culture device with external mechanical forces was then developed to accelerate the exchange of chemical signals and metabolites, in an attempt to boost the production of new metabolites. Multivariate data analysis combined with molecular mapping prioritized two cross-talk-induced citrinin analogues which were accumulated compared with the stationary co-culture and additionally positively correlated with the exchange rate in the new co-cultures. MS-guided isolation tracking the targeted MS feature resulted in the characterization of the previously undescribed antibiotic citrinolide (1). This highly oxidized citrinin adduct representing a novel skeleton showed significantly enhanced antibiotic property against the partner strain P. aeruginosa than its precursor citrinin, suggesting a role in the microbial competition during the cross-talk.
Results and discussion

MS-based comparative metabolomics profiling revealing new citrinin-related metabolites induced by metabolically mediated interactions
Employing our stationary co-culturing setup, a fungalbacterial community composed of P. citrinum Y34 (host strain) and P. aeruginosa CMCC(B)10,104 (guest strain) was successfully generated for metabolomics investigation (Supporting Information Fig. S2 ). Chemical interactions with the type strain P. aeruginosa CMCC(B)10,104 were considered as ecological cues to access cryptic biosynthetic pathways of P. citrinum Y34. We aimed to discover new antibacterial chemical entities secreted by co-culturing P. citrinum to inhibit the growth of the bacterial competitor P. aeruginosa in the form of microbial defence strategies in nature. An integration of ultra-high-performance liquid chromatography (UHPLC) and high-resolution mass spectrometry (HRMS) was adopted for metabolomics analysis. The high resolution of the chromatographic separations obtained with UHPLC makes it possible to separate closely eluting compounds, whereas the high resolution of the mass measurements separates compounds with similar masses (Olsen et al., 2016) . As we focused our comparative metabolomics analysis on the compounds with citrinin-derived scaffolds which generally ionize well in positive ionization (ESI+), the analysis of the extracts in this study was restricted to ESI+. Global Natural Products Social (GNPS) molecular networking platform associates MS/MS spectra by using an algorithm to compare the similarity of the fragmentation spectra (Wang et al., 2016) . In a natural product molecular network, these clusters represent molecular families putatively synthesized by gene cluster families. The visualization of molecular networks in GNPS represents each spectrum as a node, and spectrum-to-spectrum alignments as edges (connections) between nodes (Naman et al., 2017) .
Before the comparison of both the co-cultures and the fungal monocultures, a MS dataset derived from the fungal monoculture which included citrinin (m/z 251.092 for [M + H] + ) and 14 known related derivatives was submitted to GNPS platform to complete a molecular network for the evaluation of the effectiveness of citrinin-related structural screening. As a result, GNPS arranged 957 detected features as nodes into 125 molecular families (Supporting Information Fig. S4 ). We tracked the positions of citrinin and its 14 known derivatives in the generated network. One of the most abundant ions at m/z 251.092 located in a 35-membered family was putatively identified as citrinin (C 13 H 14 O 5 ), a known fungal metabolite recognized in the GNPS molecular library. But only four related derivatives were found to cluster in the same molecular family with citrinin while other nine derivatives joined in other six families (Supporting Information Fig. S5 et al., 2008) shared a 71% similarity while penicitrinol A displayed a 63% similarity to citrinin. Thus if we defined the leads with similarities above 70% as citrinin-similar markers and linked other molecular clusters where citrinin-similar markers located to the citrinin-located molecular cluster, citrinin and 14 known derivatives were then all included in this newly generated molecular map (Supporting Information Fig. S5 ). Hence, the coverage of detected molecules could be largely increased in this designed workflow combining GNPS molecular networking and Peakview similarity scoring. Then two MS dataset belonging to the co-culture group and the fungal monoculture were transferred onto GNPS to generate a comprehensive network for the comparison. By organizing a group of approximately 1000 detected markers presenting as nodes from both data sets into molecular families, this analysis significantly simplified the task of assigning the co-culture-induced metabolome (Fig. 1A) . Furthermore, all the nodes in the network were divided into three categories according to their data sources: 469 green nodes representing ions detected only from the co-culture group; 589 red nodes representing ions detected only from the fungal monoculture group; 627 blue nodes representing ions detected in both the co-culture and fungal monoculture (Fig. 1B) . The presence of red nodes revealed that when the fungal strain was co-culturing with P. aeruginosa, it stopped synthesizing many products usually found in laboratory monocultures using the standard growth medium and growth conditions. Examination of the datasets verified that the abundances of many blue nodes possessed significant differences between the co-cultures and monocultures, which also revealed shifts in secondary metabolism. More intriguingly, green nodes contained the molecules secreted by the partner strain P. aeruginosa as well as co-culture-induced compounds in the cocultures.
Citrinin at m/z 251.092 located in a 13-membered family ( Fig. 1C) was produced under both co-cultivation and mono-cultivation conditions and then utilized as a standard in citrinin-related structure screening. Only one green node at m/z 301.072 clustered with citrinin. Following the designed strategy, we set the spectrum of citrinin as the reference spectrum and calculated the MS/MS fragmentation similarity between each spectrum and the reference spectrum. Thirty leads with similarities above 70% were defined as citrinin-similar markers (Supporting Information Table S3 ) and other 13 molecular clusters where citrinin-similar markers located were linked to the citrinin-located molecular cluster. A new molecular map ( Fig. 2 ) was generated and as many as 28 additionally coculture-induced citrinin-related leads presenting as green nodes were unearthed. The emergence of these new metabolites induced by fungal-bacterial cross-talk showed that chemically mediated microbial interactions could modulate the biosynthetic pathways for the production of citrinin-derived structures. However, the total 29 targeted features were all biosynthesized in low quantities (estimated <0.01 mg l −1 based on the abundances of citrinin in datasets), making their full characterization as well as further bioactivity research difficult. Thus, strategies to increase their production were then attempted in this study.
Mechanically cycled synthetic multispecies community in an attempt to boost the production of co-cultureinduced metabolites
The best-known mechanism of interspecies exchange of information is through soluble molecules that are released in the extracellular environment and reach other cells via diffusion (Ponomarova and Patil, 2015) . A. The visualization of molecular networks in GNPS represented each spectrum as a node, and spectrum-to-spectrum alignments as edges (connections) between nodes. Nodes were grouped into three colours by source. B. Venn diagram for co-culture and fungal monoculture specific nodes in the network was concluded.
C. Citrinin at m/z 251.092 was located in a 13-membered molecular cluster. [Color figure can be viewed at wileyonlinelibrary.com] However, the rate of metabolic diffusion is quite slow in nature. Thus accelerating the chemical communication in the co-cultures is considered to be a potential approach to trigger the production of cross-talk-induced metabolites. Here we developed a defined co-culture technique based on our previous co-culturing device, employing external mechanical forces instead of nature diffusiondriven force to trigger the exchange of chemical information faster and more specifically. Accordingly, we refined our co-culture setup enabling a fast exchange of secondary metabolites as well as potential infochemicals between the separated spaces where chemical communication between the interaction partners is the only mean for them to crosstalk. In the newly designed device (Fig. 3) , two co-culturing microbial strains (both cultured in 1.8 l broths) were separated in two 5 l conical flasks which were connected by two silicone rubber tubes for the circulation of culture broths. Two peristaltic pumps working in the opposite conveying direction served as external forces to exchange culture broths between two microbial cultivations by rotary rolling roller making the rubber tubes peristaltic. One main advantage of peristaltic pumps over other mechanical forces to accelerate the chemical communication is that they did not contact with the transferred liquid, thus maintaining a closed culture system to avoid external contamination. Regular sampling for standard growth parameters as well as metabolomics investigation of each strain is achieved through two reserved tubes under sterile conditions. As biocompatible membrane we employed a twoply 0.45 μm PVDF membrane filter at one end of each circulating tube which proved to be suitable to separate Penicillium citrinum as well as Pseudomonas aeruginosa. However, the mechanical broth circulation suffered mainly from membrane blockage. To address this challenge, a 50 μm polyethylene fritted disc was placed at the other end of each circulating tube for primary filtration and the conveying direction of each peristaltic pump was reversed every 2 h to help flush away the cake layer clogging the membrane generated in the previous 2-h circulation. Besides, the maximum circulation flow rate was then restricted to 2 ml min −1 for the continuous permeability of the biocompatible membrane. In order to demonstrate the quick exchange of chemical information within such a co-culturing device, we monitored the diffusion of chloramphenicol, a known antibiotic (Rebstock et al., 1949) . If added to one conical flask in the co-culture device, diffusion readily occurred with the exchange rate at 2 ml min −1 and after 24 h no significant differences were detected between two conical flasks, which confirmed the efficient chemical exchange in the setup. In our previous co-culture setup, the growth space of two strains was unequal and then molecules that were uniquely synthesized under conditions of synthetic multispecies chemical communication were deduced to be mainly produced by the microbial strain with much bigger biomass. Now the compartment culturing Pseudomonas aeruginosa in the new setup was set equal to the fungal compartment as the chemical investigation in this study was restricted in citrinin analogues associated with fungal biosynthetic gene clusters and increased bacterial metabolites were less likely to impede the targeted research. Therefore, the chemical interactions with Pseudomonas aeruginosa in the developed device were amplified in terms of enlarged bacterial biomass, which might also take effect in the boost of cross-talk-induced molecules. Furthermore, one significant improvement over this new setup was the quantitative control of the chemical communication in the generated community through the flow rate setting of peristaltic pumps. So the study could expand further into the velocity of chemical communication in the co-cultures which might be a potential factor affecting the secondary metabolomes.
Multivariate data analysis combined with molecular networking facilitating the locating of a pair of novel citrinin derivatives highly correlated with the exchange rate
The new setup was successfully utilized to co-culture P. citrinum Y34 with P. aeruginosa CMCC(B)10,104 for metabolomics analysis (Supporting Information Fig. S3) . To investigate the effect of exchange rate on the metabolic profiles, we established mechanically cycled co-cultures at exchange rates of 0.25, 0.5, 1 and 2 ml min −1 together with the parallel stationary co-cultures.
The metabolic profiles for both the mechanically cycled co-cultures at different level of exchange rates and the stationary co-cultures (3 biological replicates for each class) were compared together using a correspondence analysis (CA). In a similar manner to another popular technique, principal components analysis (PCA), CA acts to reduce the dimensionality of multivariate data and provides a graphic method of exploring the relationship between variables (Braak, 1985; Danchin et al., 2018) . Different from PCA, CA employs chi-square distances for classification of objects without a priori knowledge of the classes. This allows introduction of a valid information measure between characters, which lacks in PCA (Fellenberg et al., 2001) . CA should thus be a better method than PCA for this study as it creates a dual space that allows investigators to consider microbial cultivations and microbial features as equivalent. That is to say, different co-culture groups and MS markers derived from them can be visualized simultaneously within the same spatial representation, which is of considerable help to associate significant molecular features to specific co-cultures. In applying CA, we plotted three dimensions which represented 87.2% of the variance (for detailed summary, see Supporting Information Table S5 ) in the data in a CA plot (Fig. 4 ) and large differences were observed between the mechanically cycled co-cultures and the stationary co-cultures in dimension 1 which explained 55.5% of the variance. This showed that the datasets generated from the new setup contained information that allowed the discrimination of the chemical composition of the new co-cultures from that of the stationary co-cultures, implying that enhanced microbial interactions had distinct effects on the biosynthetic pathways for the production of secondary metabolites. More noticeably, there was a clear discrimination possible between the new cocultures at lower speeds (0.25 and 0.5 ml min −1 ) and new co-cultures at higher speeds (0.5 and 1 ml min −1 ) in all three dimensions. There was less differentiation between new co-cultures at 0.25 and 0.5 ml min −1 (or 1 and 2 ml min −1 ) showing no large differences. Furthermore, if there was a small angle connecting a co-culture and MS features to the origin in the CA plot, they were probably associated. The existence of MS features around the faster mechanically cycled co-cultures suggested these molecular markers were possibly correlated with these co-cultures. Therefore, the velocity of chemical communication did influence the metabolomes of the generated community and velocity-dependent metabolites accumulated with the enhanced efficiency of chemical interactions between two microbial strains. It was tempting to think that the velocity-dependent metabolites that were additionally newly induced by the cross-talk could be the potentially powerful chemical tools to describe the chemical communication process. So our focus was then placed on prioritizing cross-talk-induced citrinin analogues whose secretions were positively correlated with the speed of chemical communication in the new co-cultures. Before the discrimination between the velocitydependent variables and the independent variables or predictors, the scope of investigated variables was determined in the cross-talk-induced citrinin derivatives following the strategy described above. Two MS datasets belonging to both the new co-culture at 2 ml min −1 and the stationary co-culture together with one dataset from the fungal monoculture in the positive-ion mode were transferred onto GNPS to generate MS molecular clusters (Supporting Information Fig. S6 ). As concluded in the venn diagram in Supporting Information Fig. S6 , 76 green nodes representing the molecules which contained 18 of 29 previously targeted features in the stationary cocultures were no longer produced in the new co-cultures due to the change of co-culture methods. Then a new molecular map of citrinin-related compounds (Supporting Information Fig. S7 ) was drawn according to the mass similarity scoring result (Supporting Information Table S4 ) calculated by Peakview. Based on the generated molecular map, 11 light blue markers whose production could be induced by both types of co-cultures and 23 dark blue markers exclusively induced by new co-cultures in the molecular network were included in the mathematical model. Besides, 6 individual features which were not in the molecular network but possessed high similarities (>70%) to citrinin were also taken into the investigation. Projection to latent structures (PLS), a robust multivariate linear regression technique was employed to study the correlation between metabolites and exchange rates in more detail (Wold et al., 2001; Eriksson et al., 2006) . PLS here acted as a supervised data reduction algorithm to study the correlation of the abundances of these 40 mass features (X-variables) in total with exchange rate values (Y-variables). A permutation test that is a calculation of quality of the fit and the predictive ability validated the supervised model (Wu et al., 2015) . The R 2 and Q 2 values for this PLS analysis were 0.98 and 0.88, respectively, indicating a favourable predictability and reproducibility. A PLS loading plot between principal component 1 (p1) and principal component 2 (p2) was utilized for the fast display of the relation between the X-variables and the Y-variables. The further input parameters (MS features) are from the centre (0, 0) in the loading plot, greater is the impact various parameters have in the analysis (Kirdar et al., 2007) . More importantly in this analysis, this plot illustrates how the different variables were correlated with respect to each other. Variables near each other (in the same quadrant) are positively correlated; variables opposite to each other (opposite quadrants) are negatively correlated (Shi et al., 2017b) . The examination of the corresponding loading plot (Fig. 5A ) pointed to two molecular features at m/z 393.1 and 377.1 which were both situated quite near the exchange rate variable in the plot, indicating their best positive-correlation with the increased exchange rates in the mechanically cycled fermentations. Moreover, a coefficients plot (Fig. 5B) summarized the coefficients expressing how strongly Y is correlated to the systematic part of each of the X-variables (Gavaghan et al., 2000) . In accord with the result from the loading plot, the markers at m/z 393.1 and 377.1 possessed the largest coefficients compared with other markers in the analysis. Besides, these two features were among the discriminating molecular markers which were located around the faster new cocultures at 1 and 2 ml min −1 and shared possible association with these co-cultures in the CA plot (Fig. 4) Fig. S8 ) and the initial PCA data verified that the abundances of the leads at m/z 393.1 and 377.1 in the new co-cultures were successfully boosted 13-to 18-fold and 4-to 6-fold, respectively, compared with the stationary co-cultures when the exchange rate was set at the maximum value 2 ml min −1 . The lead at m/z 393.1 was finally amplified to be abundant (estimated > 0.05 mg l −1 ) in the microbial broths while the lead at m/z 377.1 was still in low quantity (estimated < 0.01 mg l −1 ) due to the smaller amplification factor and initially much lower abundance compared with the marker at m/z 393.1. Exhilaratingly, these two targeted mass features were mutual neighbouring nodes constituting a two-membered cluster named I in the constructed citrinin-related molecular map (Supporting Information Fig. S7 ). This finding indicated that these two molecules which could be induced by both types of co-cultures shared highly similar structures. The molecule ionized at m/z 377.1 was presumed as a deoxygenation product of the molecule ionized at m/z 393.1 based on their 16-amu mass difference. According to the similarity scoring result (Supporting Information Table S4 ), the features at m/z 393.1 and 377.1 scored as high as 81% and 79% Fig. 4 . Correspondence analysis plot based on collected markers for the new co-cultures at different levels of exchange rates and the stationary co-cultures. The discriminating molecular markers which were located around the faster new co-cultures at 1 and 2 ml min −1 and shared possible association with these co-cultures are encircled by a dashed box. The arrows refer to two molecular features at m/z 393.1 and 377.1 among these markers which were further prioritized in the following PLS analysis. [Color figure can be viewed at wileyonlinelibrary.com] similarities to citrinin respectively. So citrinin could be utilized as a standard in structure elucidation efforts. In the MS/MS spectra of the target ions at m/z 393.1 and 377.1, both features shared the common indicative fragments at m/z 233.08, 223.10, 221.08 and 205.09 with the citrinin feature, indicating that they both possess the same core coumarin substructure as citrinin (Fig. 6) . That is to say, the fungal strain added another layer of chemical complexity to its original product citrinin to yield these two cross-talk-induced citrinin adducts in the chemical communication with the bacteria. It was not a single molecule but two structurally related metabolites that were induced by multispecies cross-talks. This may help demonstrate that chemically mediated interactions successfully modulated the fungal biosynthetic pathways. Furthermore, no such highly oxidized citrinin derivatives matching the previously recognized formula C 19 H 20 O 9 or C 19 H 20 O 8 were received in the SciFinder database searching. The target metabolites elicited by fungalbacterial cross-talk were finally inferred as two structurally novel citrinin adducts worthy of detailed profiling.
Structure elucidation using NMR following MS-guided isolation which results in the discovery of a highly oxidized citrinin derivative representing a novel skeleton
As the production of the metabolite at m/z 393.1 was estimated to be just enough for fully structural characterization as well as further bioactivity research, the chemical identity of this interesting metabolite was then pursued for isolation efforts from the crude extracts using LC-MS as a guide. Repeated normal-and reversed-phase silica gel column chromatography followed by HPLC of the crude extracts yielded 2.2 mg of pure compound 1 (named Citrinolide, 0.047% of the total mass) (Fig. 7A) The phenolic nature of the compound was indicated by its characteristic colour reactions (FeCl 3 : purple; phosphomolybdic acid reagent: deep blue). The planar structure was elucidated as drawn in Fig. 7A by a combined analysis of 1D and 2D NMR experiments which appeared an unusual derivative of citrinin, representing a novel carbon backbone. The relative and absolute configurations were then determined by NOESY experiment and chemical calculation of the ECD spectrum in comparison with the corresponding experimental one respectively. The structure of citrinolide was finally deduced to be (1S,3R,4S)-6,8-dihydroxy-1-(5-hydroxy-3-(hydroxymethyl)-2-oxo-2H-pyran-6-yl)-3,4,5-trimethylisochromane-7-carboxylic acid. To the best of our knowledge, this novel compound is the first example of a citrinin derivative discovered from a synthetic fungal-bacterial cross-talk. Citrinin adducts bearing six-membered α-pyrone-like rings have not been previously reported and citrinolide is the first example.
A number of citrinin adducts discovered from the standard fermentation process have been reported, and some of them are described to be derived from citrinin through a Diels-Alder adduct reaction with a range of dienophiles (Clark et al., 2006; Wakana et al., 2006) . However, no solid experimental support has yet been published. Considering the elucidated structure, we herein hypothesize that citrinolide might be derived from the enolate tautomer of citrinin through a Michael addition reaction other than Diels-Alder adduct reaction with an α-pyrone derivative, which could act as a nucleophile (a Michael donor) in a mildly basic environment (Fig. 7B) . The molecule ionized at m/z 377.1 putatively identified as 10-deoxycitrinolide (2) (1) by a yet uncharacterized oxygenase. Besides, malonyl-CoA was hypothesized to be the biogenetic origin of the α-pyrone derivative precursor 6-hydroxy-3-(hydroxymethyl)-2H-pyran-2-one for 2 (Wu et al., 2012) . However, further experimental evidence is necessary.
Significantly enhanced antibacterial activity of citrinolide compared with citrinin indicating a fungal defence reaction in the cross-talk
To clarify the fungal-bacterial cross-talk, citrinolide and its precursor citrinin, together with both types of co-culture and monoculture crude extracts for comparison, were evaluated for their antibacterial bioactivity against the co-culturing bacterium P. aeruginosa CMCC(B)10,104. Additionally, for bioactivity screening, antimicrobial activities against Escherichia coli CMCC(B)44,102, Staphylococcus aureus CMCC(B)26,003, Staphylococcus epidermidis CMCC(B)26,069, Klebsiella pneumoniae CMCC(B)46,117 and Bacillus subtilis CMCC(B)63,501 were also investigated. The results displayed in Table 1 showed that citrinolide exhibited moderate antibacterial activity against the partner strain P. aeruginosa with a minimal inhibitory concentration (MIC) of 4 μM while the same MIC of citrinin was 32 μM. Enhanced expression of antimicrobials against P. aeruginosa was also detected in the crude extracts of both types of co-cultures compared with the monocultures, which was consistent with the prescreening result. The new co-culture extracts displayed stronger inhibition toward P. aeruginosa than the stationary co-culture samples, which might result from the accumulation of citrinolide in the accelerated chemical communication. Besides, the co-culture-induced metabolite citrinolide could also act as an antibiotic with an MIC of around 16 μM against E. coli and K. pneumoniae. Therefore, we hypothesized that the fungal strain P. citrinum may purposefully transform citrinin to secrete citrinolide as a modulator to inhibit P. aeruginosa to obtain the suitable status in the competition with the bacteria in the crosstalk. Further analysis is required to determine the activated biosynthetic pathways in this defence reaction process. As mentioned above, similar defence-driven modification has been unveiled in a stationary co-culture of Cladosporium sp. WUH1and B. subtilis where the fungi added various polyhydroxy sidechains to major secondary metabolites, diphenyl ethers in the monoculture (Shi et al., 2017a) . So citrinolide could be considered as a successful product of activity-guided structural modification done by microorganisms themselves, which was indeed driven by the fungal defence response in the interspecies crosstalk. It is important to note, however, that two co-cultured strains in this study were not mutual interacting organisms in nature and the growth conditions employed were far from the conditions the microbial strains have evolved to deal with. The cross-talk here was thus a highly artificial interaction showing a principle of chemical communications in the synthetic microbial community other than an actual interaction that was likely to take place in the environment.
Conclusions
In conclusion, our designed membrane-separated co-cultivation combined with comparative metabolomics analysis led to the fully characterization of the previously undescribed antibiotic citrinolide (1) which showed significantly enhanced antibiotic property against the partner strain P. aeruginosa than its precursor citrinin, suggesting a role in the microbial competition in the cross-talk. Thus we propose that such metabolically mediated interactions might play a fundamental role in microbial ecosystem functioning and could serve as a potential trigger to unveil cryptic natural products. Especially, the microbial potential to modify their metabolites to obtain a competitive advantage against the interaction partner could be utilized as a promising force in the exploration of novel antibiotics and other medically relevant natural products. Besides, this study highlights the utility of MS-based metabolomics as an effective tool in the direct biochemical analysis of the community metabolism.
Materials and methods
A detailed version of the materials and methods including MS-guided isolation and structure elucidation of citrinolide (1) is provided as Supporting Information Material.
Establishment of co-culture setups
The establishment of the stationary co-cultures was conducted in a previously published routine (Shi et al., 2017a) . The new co-culture setup consists of two conical flasks, two peristaltic pumps, rubber tubes, inoculation and sampling tubes with sealing elements, 0.45 μm PVDF membrane filter, 50 μm polyethylene fritted disc, flask plugs and glass connectors. All these components are easily commercially available. After autoclaving all the components except peristaltic pumps, the setup can be assembled under sterile conditions, which takes about 10 min per co-culturing device. Inoculation could be easily done by injection of microbial solution into the conical flask through the reserved inoculation and sampling tube. After inoculation, the circulation rubber tubes are then assembled onto the peristaltic pumps which offer mechanical forces during the co-cultivation.
Microbial strains
The strain Pseudomonas aeruginosa CMCC(B)10,104 together with other bacterial strains cultured in the bioactivity screening was purchased from National Center for Medical Culture Collections. The fungus Penicillium citrinum Y34 was isolated from hydrothermal vent sediment, collected from Kueishantao, Taiwan. For detailed culturing conditions, see supplementary material.
Metabolomics sampling and UHPLC-ESI-HR-MS analysis
The culture broth (200 ml) was extracted three times with 200 ml of ethyl acetate to afford the final EtOAc extract for analysis. Detailed mass spectrometric method was included in supplementary material. The rest culture broth of all the co-cultures was also extracted to combine with samples for metabolomics analysis to yield the total crude extract (4680 mg) for further isolation.
Data processing, molecular networking and multivariate data analysis
The HR-MS data were analysed using Peakview 2.1 (Version 2.1, AB Sciex, Concord, Canada). Molecular networking was conducted at Global Natural Products Social Molecular Networking (GNPS, website:gnps.ucsd. edu). Mass fragmentation similarity result was calculated using the Similarity Scoring function in Peakview. Statistical analysis of the data was done using SIMCA (version 14.0, Umetrics, Umea, Sweden) for PLS analysis and SPSS (version 19.0, IBM, New York, USA) for CA analysis respectively.
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